The putamen of the human striatum is a heterogeneous nucleus that contains the primary site of loss of dopamine (DA) in Parkinson's disease (PD). Furthermore, different functional domains of the putamen are heterogeneously susceptible to DA loss, and yet the dynamic regulation of extracellular DA concentration ([DA] o ) and comparison between domains has not been explored in the primate brain. In these studies, DA was measured in real time using fast-scan cyclic voltammetry at a carbon-fiber microelectrode in vitro in striatal sections from the common marmoset (Callithrix jacchus).
The putamen of the primate striatum performs major sensorimotor, cognitive, and emotive functions. A central component of the basal ganglia, the putamen receives the main corticostriatal inputs from the motor, premotor, supplementary motor, and sensorimotor cortices (Kunzle, 1975 (Kunzle, , 1977 (Kunzle, , 1978 Jones et al., 1977; Selemon and Goldman-Rakic, 1985) . In turn, loss of dopaminergic innervation underlies the motor dysfunctions of Parkinson's disease (PD) (Hornykiewicz, 1966; Kish et al., 1988) . Furthermore, studies using [
18 F]-dopa positron emission tomography imaging, HPLC, and [ 3 H]-mazindol binding in PD and in intermediate primate 1-methyl-4-phenyl-1,2,3,6,-tetrahydropyridine (MPTP)-parkinsonism indicate that dopamine (DA) deinnervation follows a regionspecific pattern of vulnerability, beginning in dorsolateral putamen (Elsworth et al., 1987; Kish et al., 1988; Moratella et al., 1992; Antonini et al., 1995) . The functions of the intact putamen are topographically compartmentalized along a dorsolateral-ventromedial axis (Haber and McFarland, 1999 ) with respect to corticostriatal (Kunzle, 1975 (Kunzle, , 1977 Selemon and Goldman-Rakic, 1985; Goldman-Rakic and Selemon, 1986) , meso/nigrostriatal (Szabo, 1980; Parent et al., 1983; Smith and Parent, 1986; Lynd-Balta and Haber, 1994) , thalamostriatal (McFarland and Haber, 2000) , amygdalostriatal (Russchen et al., 1985) , and striatopallidal projections (Hazrati and Parent, 1992) , and somatotopic organization (the activity of putaminal neurons is related to specific body parts) (Crutcher and DeLong, 1984; Alexander and DeLong, 1985) . Functionally related striatal areas thus share similar afferentation, somatotopy, susceptibility of mesostriatal input to degeneration, and in addition, modulation by cocaine (Bradberry et al., 2000) .
Because mesostriatal projection neurons differ in expression levels of DA regulatory proteins, e.g., D 2 -like receptor, DA transporter (DAT) (Shimada et al., 1992; Blanchard et al., 1994; Hurd et al., 1994; Sanghera et al., 1994; Haber et al., 1995) , there may be as yet unappreciated regional differences in the regulation, and thus role, of [DA] o within primate putamen that may be of key consequence not only to normal basal ganglia function but also to modulation by substances of abuse and susceptibility to degeneration.
Fast-scan cyclic voltammetry at a carbon-fiber microelectrode offers spatially discrete observations of dynamic changes in [DA] o in "real-time" and has been used to study striatal DA mechanistics extensively in rodents [e.g., rat (Garris et al., 1994; Jones et al., 1995) , mice (Giros et al., 1996; Jones et al., 1998) , guinea pig ] in which striatal organization differs from primates, e.g., in limbic-associated afferents and efferents (Selemon and Goldman-Rakic, 1985; Lynd-Balta and Haber, 1994; Haber and McFarland, 1999) and anatomically by division of caudate and putamen by the internal capsule. It is essential to our understanding of primate striatal DA function that we study the primate directly.
We have explored in the putamen of the nonhuman primate, the common marmoset, the dynamics of extracellular DA and regulation by firing frequency, uptake kinetics, and autoreceptors. These dynamics are compared (1) in rodents and (2) between limbic-and motor-associated subdivisions of putamen to evaluate the predictive value of nonprimate data to primates, and moreover to gain directly insights into the operation of the primate striatum in health, substance abuse, and pathology.
MATERIALS AND METHODS
Brain slice preparation. Striatal slices (400 m) were prepared from male marmosets (age 1-2 years) from an established colony after overdose of pentobarbitone (intraperitoneal) or from male albino guinea pigs (200 -350 gm) as described previously ) in ice-cold, H EPESbuffered physiological saline saturated with 95% O 2 /5% C O 2 and using a Vibratome (Lancer Series 1000). The mid to rostral range of slices that was used corresponds to anterior-posterior (AP) 9.5-11.75 mm, marmoset (Stephan et al., 1980) and approximately A12.0 -13.5 mm, guinea pig (Rapisarda and Bacchelli, 1977) . All recordings were made at 31-32°C in bicarbonate-buffered artificial C SF (aC SF; 95% O 2 /5% C O 2 ) as described previously . We defined three f unction-related recording sites in marmoset putamen (see Fig. 2 ): ventromedial (close to ventrome-dial edge of internal capsule), mid, and dorsolateral, which according to distinct frontal cortical inputs serve emotive/ limbic-associated (orbital and medial prefrontal cortex), cognitive (dorsolateral prefrontal cortex), and sensorimotor f unctions, respectively (Selemon and Goldman-Rakic, 1985; Goldman-Rakic and Selemon, 1986; Haber and McFarland, 1999) .
Voltammetr y and microelectrodes.
[DA] o was measured using fast-scan cyclic voltammetry at a beveled carbon-fiber microelectrode (CFM) (diameter: tip to 6 m; tip length: ϳ30 m; M PB Electrodes, L ondon) using a Millar Voltammeter (PD Systems) as described previously Rice et al., 1997) . Scan rate was 800 V/sec; scan range was Ϫ0.7 to ϩ 1.3 V to Ϫ0.7 V versus Ag /AgC l, and the sampling frequency was 4 -8 Hz. I llustrated voltammograms are faradaic currents obtained by subtraction of background current. Identification of the released substance as DA was confirmed by comparison in situ and in DA calibration of oxidation and reduction potentials (ϩ540 and Ϫ180 mV vs Ag /AgC l, respectively). Contributions from the monoamine oxidase (M AO)-metabolite 3,4-dihydroxyphenyl-acetic acid (DOPAC) or norepinephrine (N E) were determined as minimal from experiments including M AO-inhibition (pargyline) and N E uptake inhibition (desipramine). Electrodes were calibrated in 1-2 M DA in aC SF. Sensitivity to DA was typically 2-7 nA /M. The minimum detection limit for [DA] o was 20 -40 nM.
Electrical stimulation. Electrical stimulation was at local, surface bipolar electrodes as described previously . Stimulus pulses (0.1 msec pulse width, 10 V) were applied either singly or in trains lasting 3 sec. Some experiments used a high-intensity stimulation (100 Hz, ϳ20 V, Յ0.5 sec train) to evoke high [DA] o (Ͼ10 ϫ K m of DAT) at which DA uptake rate, V, approaches V max .
HPLC anal ysis of striatal dopamine tissue content. After voltammetric studies, striatal tissue was subdissected in ice-cold aC SF (95% O 2 /5% CO 2 ) using a tissue punch method to sample ventromedial and dorsolateral regions, snap-frozen in liquid N 2 , and stored at Ϫ80°C. The tissue was thawed on ice and homogenized in 50 -100 vol of 0.1 mM HC lO 4 /4.5 mM EDTA using an ultrasonic disintegrator (20 sec, SON I PREP 150) and centrif uged at 17,000 ϫ g for 15 min (Sigma 3K10, rotor Nr 12154-N). The supernatant was eluted and centrif uged at 17,000 ϫ g for 2 ϫ 15 min, and the final supernatant was stored before analysis of DA content at Ϫ80°C. The HPLC consisted of a delivery pump (Pharmacia L K B 2248), a column (APEX I Octadecyl, 5 M, 4.6 ϫ 100 mm), and an electrochemical detector (Waters 46V) set at a potential of 0.7 V versus an Ag /AgC l reference electrode. Mobile phase consisted of 0.1 M citric acid, 0.1 M Na 2 HPO 4 , pH 3.7, 2.5 mM hexanesulfonic acid /acetonitrile/methanol (92:3:5) and was pumped at 0.8 ml /min.
Data anal ysis. Voltammetric data were acquired and analyzed on a PC running Strathclyde Whole C ell Program (J. Dempster, University of Strathclyde, Scotland). Data simulations for kinetic analysis used software written by Prof. R. M. Wightman (University of North C arolina, Chapel Hill, NC) to fit experimental data curves (concentration vs time) with theoretical curves that simulate the concentration of DA detected ([DA] o ) at a CFM probe after a single stimulus pulse and DA uptake by a transporter (DAT) operating with Michaelis-Menten kinetics (described by K m and V max ). The profile of extracellular DA released into the extracellular space because of a single pulse appears as an instantaneous concentration increase, [DA] p , followed by a rapid decline that is caused predominantly by transporter-mediated uptake (Giros et al., 1996) . This profile can be described
This model has been described previously in detail (Wightman and Z immerman 1990; Kawagoe et al., 1992; Jones et al., 1995) and incorporates a correction for electrode response time caused by surface coatings or other diff usional delays and a decrease in measured response, peak [DA] o , from true value, [DA] p . Diff usional delays on these uncoated electrodes were incorporated as a f unction of DA diff usion through a layer equivalent to a fine Nafion coating of thickness, d ϭ 140 -230 nm, as described previously (Cragg et al., 2000) . Thin-layer distance, d, for each electrode in situ was verified from control data in guinea pig striatum, from multiple best-fit simulations of several single data sets (Ͼ20), by constraining V max and K m to typical literature values (2400 nM/sec to 3000 nM/sec, 210 nM, respectively) (coefficient of determination, R 2 Ͼ 0.9). Best-fit values of [DA] p and V max were subsequently determined with this mean, constant d, in guinea pig caudatoputamen (C Pu) and marmoset putamen. Minimum values of V max yielding R 2 Ͼ 0.9 were used to provide the most conservative estimate in marmoset. Small changes in variable parameter values could sometimes give equal degrees of fit (equivalent R 2 ). Both sets were included for analysis; n ϭ number of simulations. Data simulations were undertaken blind with respect to recording site.
The assumed value of the DAT K m for both species was the rodent literature value of 210 nM. Although phylogenic conservation of K m has not been directly demonstrated in situ, the DAT itself is strongly conserved: rat and mouse DAT are Ն92% homologous to human DAT, differing by only one amino acid (Giros et al., 1992; Wu and Gu, 1999) . Furthermore, when cloned DAT are expressed stably in cell lines, the absolute potencies (K i ) of psychostimulants (e.g., D-amphetamine) are highly correlated for rat and human DAT (Giros et al., 1992) , and values of K m (although different from those observed in situ) are similar for mouse and human (Wu and Gu, 1999) .
Data are mean Ϯ SEM, and sample size, n, is the number of recording sites unless stated otherwise. The number of animals in each sample ranges from 3 to 10. Comparisons for differences in means were assessed by oneor two-way ANOVAs and post hoc multiple comparison t tests (NeumanKeuls) . In pulse train experiments, t i is the time of initial peak [DA] o , and t ss is the period during a control stimulation train when [DA] o is typically at steady state. Note, steady state does not necessarily occur when uptake or autoreceptors are overridden by antagonists and /or at some high frequencies. C Pu is guinea pig caudatoputamen, and putamen refers only to marmoset.
Solutions. All drugs and solutions were obtained from Sigma (St. L ouis, MO) except GBR 12909 (RBI, Natick, M A) and TTX (Tocris). In C a 2ϩ -free solutions, C aC l 2 was substituted with equimolar MgC l 2 .
RESULTS

Identification of evoked release of DA
A single, electrical stimulus pulse in marmoset putamen evoked the rapid release and removal of the electroactive substance DA (Fig.  1 A) . The substance was identified as DA by a characteristic voltammogram with peak potentials for oxidation (ϳ500 mV) and reduction currents (approximately Ϫ200 mV vs Ag/AgCl) that are identical for exogenously applied DA and DA signals obtained in guinea pig and rat CPu here and previously ( Fig. 1 A) Cragg et al., 2000) . The metabolite DOPAC did not contribute significantly to evoked signals: inhibition of monoamine oxidases A and B for up to 5 hr (pargyline, 20 M) had no effect on the magnitude of signal observed (n ϭ 4; data not illustrated).
Release was abolished in a reversible manner in Ca 2ϩ -free/ Mg 2ϩ -substituted media (n ϭ 3; data not illustrated) or in the presence of TTX (1 M) (n ϭ 3; data not illustrated). Mean peak [DA] o evoked by a single pulse (0.1 msec) was significantly greater in mid-putamen ( Fig. 1 B) (
[DA] o in guinea pig is equivalent to that observed in the rat with the same stimuli in this experimental setup (data not illustrated). This approximately twofold difference in [DA] o attributable to a single stimulus pulse in primate versus rodent striata was not caused by an overall difference in voltage sensitivity: the difference was maintained across a range of stimulus voltages tested ( Fig. 1C ) (two-way ANOVA, F (1,42) ϭ 220.1, p Ͻ 0.001; post hoc t tests, putamen vs CPu, p Ͻ 0.001-0.01). The stimulation intensity used in all subsequent experiments was approximately half-maximal in both species.
Regional variation in single pulse-evoked [DA] o between striatal domains
The evoked [DA] o observed in marmoset mid-putamen ( Fig. 1) was not representative of those seen throughout the putamen: there was significant regional variation in evoked [DA] o within marmoset putamen attributable to the ventromedial-dorsolateral ( Fig. 2) (two-way ANOVA, F (2,46) ϭ 18.8, p Ͻ 0.001) but not the anteriorposterior coordinate (two analysis groups: anterior, A10.5-11.5 mm; posterior, A9.5-10.5 mm). Evoked [DA] o in dorsolateral putamen was typically 1.5-to twofold greater than in mid-putamen and two to three times greater than that released ventromedially throughout the anterior-posterior range of putamen investigated ( When data from the anterior-posterior range of putamen investigated were collated, the mean peak [DA] o values evoked by a single pulse in three regions along the ventromedial-dorsolateral axis were all significantly different from each other ( This gradient in evoked [DA] o cannot be fully appreciated with a typical rodent model ( Fig. 3 B, C ). There was significant regional variation in [DA] o evoked within guinea pig CPu along a ventromedial-dorsolateral axis (Fig. 3B ) (one-way ANOVA, F (2,47) ϭ 3.2, p Ͻ 0.001). However, although the concentration gradient detected in marmoset putamen was over a 300% concentration Evoked [DA] o in marmoset putamen is significantly greater than in guinea pig CPu at all corresponding loci, ranging from 166 Ϯ 16% (ventromedial, p Ͻ 0.01, post hoc t tests) to 310 Ϯ 22% of CPu (dorsolateral, p Ͻ 0.001).
Striatal DA content
In marmoset striatum, DA content was highest in the dorsolateral halves of the putamen and caudate (Fig. 4 ) (145% and 154% of ventromedial areas, respectively). DA contents of dorsolateral and ventromedial caudate and putamen were all significantly higher than most ventromedially, in the nucleus accumbens (Fig. 4 A) (one-way ANOVA, F (4,10) ϭ 10.16, post hoc Student NewmanKeuls, p Ͻ 0.01-0.05). DOPAC content, although higher in the dorsolateral region of both the caudate and putamen (118 and 114% of ventromedial areas, respectively), was not significantly different from levels observed in the accumbens (Fig. 4 B) . Ratios of DA/DOPAC content ranged from ϳ5 to 11.
DA uptake pharmacology
DA uptake by the DAT avidly regulated the extracellular concentration and lifetime of DA in marmoset putamen (Fig. 5A) (Fig. 5C ). For each accepted simulation, R 2 was Ͼ0.9. . Dopamine content in the dorsolateral and ventromedial caudate and putamen were significantly higher than those levels observed in the nucleus accumbens (NAcc) (one-way ANOVA; F (4,10) ϭ 10.16, followed by Student Newman-Keuls, **p Ͻ 0.01, *p Ͻ 0.05, c.f. nucleus accumbens). There is a clear trend toward higher levels in dorsolateral compared with ventromedial regions. B, DOPAC content in pmol/mg (wet weight). DOPAC content did not vary significantly between regions, although lower levels in the accumbens and higher levels in the dorsolateral regions paralleled the pattern observed in DA content. [DA] p varied significantly ventromedially-dorsolaterally in parallel with [DA] o , both in guinea pig CPu (Fig. 5D) [0.93 Ϯ 0.04 M (ventromedial) to 1.15 Ϯ 0.06 M (dorsolateral), one-way ANOVA, F (2,74) ϭ 3.12, p Ͻ 0.01)] and in marmoset putamen (Fig. 5E ) [1.45 Ϯ 0.07 M (ventromedial) to 3.38 Ϯ 0.20 M (dorsolateral), one-way ANOVA, F (2,75 ϭ 3.12, p Ͻ 0.001], and also between species (two-way ANOVA, F (1,148 ϭ 189.7, p Ͻ 0.001).
Best-fit estimates of V max were not significantly different between regions in guinea pig CPu (Fig. 5D) [2.52 Ϯ 0.09 M/sec (ventromedial) to 2.84 Ϯ 0.10 M/sec (dorsolateral), n ϭ 23-30], but there was large, significant variation between regions in marmoset putamen (Fig. 5E) [3.27 Ϯ 0.13 M/sec (ventromedial) to 5.02 Ϯ 0.16 M/sec (dorsolateral), one-way ANOVA, p Ͻ 0.001]. Two-way ANOVA revealed a significant difference in V max between species ( p Ͻ 0.001, F (1,148 ϭ 251.5) at all corresponding loci ( post hoc t tests, p Ͻ 0.001). V max was positively correlated with [DA] p in both marmoset putamen (Fig. 5F ) (Pearson test, p Ͻ 0.001, r ϭ 0.82) and guinea pig CPu ( p Ͻ 0.001, r ϭ 0.57). The plot of marmoset data appears to be an extrapolation of the plot of guinea pig data.
By applying a high-intensity stimulation, [DA] o can become sufficiently high (Ͼ ϾK m of the DAT) such that the DAT becomes saturated, and thus clearance rate of DA approaches V max (i.e., zero order, independent of [DA] o and constant with time). This method was used to obtain approximately linear clearance rates (Ϫd[DA] o /dt) at similar [DA] o in guinea pig and marmoset to provide an additional, comparative measure of V approaching V max , without dependence on K m . Using the same electrode (and therefore standardized response times), the clearance rate after high-intensity stimulation was approximately linear above low micromolar concentrations in both striata and, in support of the V max derived by data simulations, was approximately twofold greater in marmoset than guinea pig striata over the same range of [DA] o (n ϭ 11-13) (Fig. 5G ).
Frequency sensitivity of [DA] o during pulse trains
[DA] o was compared in ventromedial versus dorsolateral marmoset putamen (and guinea pig CPu) during pulse trains (3 sec duration), over a range of frequencies (2-20 Hz) at which DA neurons may fire action potentials in situ Bunney, 1983, 1984a,b; Schultz et al., 1983; Schultz, 1984 Schultz, , 1986 . Evoked [DA] o in marmoset peaked rapidly (t ϭ 0.5 sec, t i ) after the start of the stimulus to a concentration resembling that observed after a single pulse (Fig.  3) and subsequently either declined to, remained constant at, or increased to a steady-state concentration (at time, t ss ϭ 2-3 sec) depending on frequency and region (Fig. 6 A, B) . Steady-state [DA] o attained during pulse trains was a function both of frequency of stimulation (Fig. 6C ) (two-way ANOVA, F (3,33) ϭ 31.6, p Ͻ 0.001) and of region (Fig. 6C) (Fig. 6C,D) (n ϭ 15,9), and conversely, at 20 Hz, "steady-state" [DA] o in ventromedial putamen was significantly greater than in dorsolateral putamen ( p Ͻ 0.01, n ϭ 5). As a reference point, steady-state [DA] o in guinea pig CPu was significantly less than in dorsolateral marmoset putamen at all frequencies Ͻ20 Hz ( p Ͻ 0.001-0.01) and less than in ventromedial putamen at frequencies Ն10 Hz ( p Ͻ 0.01-0.05).
[DA] o at t ss versus t i At a stimulation frequency of 10 Hz, [DA] o in marmoset putamen reaches a steady state at a concentration that does not differ between any region of putamen (ventromedial, mid, and dorsolateral) (Fig. 6C,D) (Figs. 1-3) . Thus, (Fig. 6 B, 20 Hz) frequencies. In other words, release must be controlled differently during ongoing depolarization in ventromedial versus dorsolateral putamen (see below). By comparison, during 10 Hz stimulation in guinea pig mid-CPu, steady-state [DA] o is significantly less than in all three regions of marmoset (t tests, p Ͻ 0.001, n ϭ 14), despite equivalent [DA] o at t i to ventromedial putamen.
Regulation of net [DA] o at physiological firing rate in marmoset putamen: uptake
During a train of stimulus pulses, autoregulatory processes, such as autoreceptor feedback and DA uptake between pulses, regulate net [DA] o (Wightman and Zimmerman 1990; Limberger et al., 1991; Kawagoe et al., 1992; . In the case of autoreceptors, regulation is different at t i and t ss (Trout and Kruk 1992; . The mechanisms by which steady-state [DA] o is regulated in primate striatum were explored further in ventromedial and dorsolateral marmoset putamen at the frequency (10 Hz) at which steady state [DA] o values were similar. By inhibiting DA uptake, GBR 12909 (500 nM) significantly enhanced [DA] o (at t ss ) evoked by a 10 Hz stimulation train in both ventromedial and dorsolateral regions of marmoset putamen (Fig.  7A ) (1723 Ϯ 177 and 1666 Ϯ 81%, respectively, n ϭ 4, t tests p Ͻ 0.001 in both regions). Although in control, steady-state [DA] o in dorsolateral versus ventromedial putamen is not significantly different, in the presence of GBR 12909, [DA] o at t ss was slightly but significantly greater in dorsolateral than ventromedial putamen (Fig. 7 A, B) ( p Ͻ 0.001). However, the ratio of dorsolateral to ventromedial [DA] o at t ss did not approach the ratio seen at t i (Fig.  7B ). Given this discrepancy in ratios at t i versus t ss , an additional mechanism or mechanisms must be differently operational in the regulation of [DA] (Trout and Kruk, 1992; , or as now demonstrated here, of the marmoset (Fig. 7C) . Although in control, net steady-state [DA] o in dorsolateral versus ventromedial putamen is not significantly different, in the presence of sulpiride, [DA] o at t ss was significantly greater in dorsolateral than ventromedial putamen (Fig. 7C,D) ( p Ͻ 0.001). The ratio of dorsolateral to ventromedial [DA] o at t ss approached the ratio seen at t i (Fig. 7D) .
DISCUSSION
This study demonstrates how extracellular DA is dynamically controlled in the primate putamen and how such DA dynamics differ between limbic-and motor-associated domains. These findings not only lend themselves to an understanding of striatal DA signaling in the primate brain, but they also may be central to understanding the effects of cocaine and regional vulnerability to DA loss in PD (Hornykiewicz, 1966; Elsworth et al., 1987; Kish et al., 1988; Moratella et al., 1992; Antonini et al., 1995) . For example, such regional heterogeneity in DA homeostasis may clearly be accompanied by regional vulnerability to DA-related mechanisms of parkinsonian cell death such as DA-dependent oxidative stress and vulnerability to DAT-dependent toxins (Olanow and Tatton, 1999) .
Characteristics and regional heterogeneity in single pulse-evoked [DA] o
DA was released from marmoset putamen and guinea pig CPu by voltage-sensitive Na ϩ channel-and Ca 2ϩ -dependent exocytoticlike mechanisms, but with a two-to threefold species difference in [DA] o . Because mean tissue DA content of marmoset putamen was approximately double the documented levels in guinea pig CPu (Wetherell et al., 1989) , these (and other, see below) data together suggest a species difference in striatal innervation or DA packing density. Phylogenic differences in extent and density of DA innervation have been observed previously in cerebral cortex (Berger et al., 1991) . How interspecies variation in DA availability/packing [DA] o in control is significantly greater in dorsolateral than ventromedial putamen at t i but not t ss (as in Fig. 6 D) , unless GBR 12909 is present:
[DA] o at t ss in GBR is slightly but significantly greater in dorsolateral than ventromedial putamen (***p Ͻ 0.001 vs ventromedial). The ratio of dorsolateral to ventromedial [DA] o at t ss in GBR 12909 remains less than the ratio observed in control at t i (dotted line). C, Sulpiride significantly enhanced evoked [DA] o throughout putamen (n ϭ 7, ***p Ͻ 0.001, cf. controls) after 0.5 sec of stimulation (see also (Bradberry et al., 2000) , and because they reflect, at least in part, tissue DA content, are probably caused by variable DA innervation or other packing density.
DA uptake and release: V max and [DA] p from data modeling DAT, a major site of action for psychostimulants (e.g., cocaine, amphetamine) (Giros et al., 1996) , and not the NET, was pivotal in determining [DA] o and lifetime in marmoset putamen as previously defined in rodent CPu (Giros et al., 1996) (Marshall et al., 1990; Cline et al., 1995) was reflected in only a trend toward variation in V max . Because V max is a function of the concentration (and turnover number) of the DAT, greater V max values in dorsolateral primate putamen indicate greatest concentrations of the DAT in motor (PD susceptible) striatum. This hypothesis is strongly supported by (1) Madras, 1991, 1992; Madras and Kaufman, 1994) , (2) the regional neurotoxicity of the DAT substrate, 1-methyl-4-phenyl-pyridinium (MPP ϩ )/MPTP (Elsworth et al., 1987; Moratella et al., 1992) , and (3) DAT mRNA expression levels in dorsolateral-versus ventromedial-projecting mesostriatal cells (Shimada et al., 1992; Blanchard et al., 1994; Hurd et al., 1994; Sanghera et al., 1994; Haber et al., 1995) . Furthermore, concurrent elevations of V max , [DA] p , and DA content in dorsolateral putamen are consistent not only with increased DAT expression but also with increased axonal density.
V max (and pseudolinear, zero-order clearance rates) in marmoset putamen were approximately double corresponding values in rodent CPu in this study and previously in rat in vitro (Jones et al., 1995; Cragg et al., 2000) . Comparative data are not yet available regarding DAT expression level or turnover number (molecules transported per transporter per second) in both species; however, the correlated elevation of V max with [DA] p supports the hypothesis of greater DA innervation density in primate striatum. Species variations in [DA] o and V max have important consequences for extrapolation of sensitivity to therapeutic, abused, and toxic drugs that require access to the DAT. Higher doses of the psychostimulants cocaine and D-amphetamine/methamphetamine are routinely required in rodents than in primates for experimental and neurotoxic actions (Davis et al., 1978; Melega et al., 1998) ; although they are caused in part by differing drug metabolism (Melega et al., 1998) , dose differences may also result from underlying variation in DAT [or DAT/VMAT (Miller et al., 1999) ] activity.
Frequency sensitivity
[DA] o evoked by pulse trains better reflects the integrated dynamics occurring during ongoing neuronal firing in situ. Mesostriatal DA neurons in vivo demonstrate two modes of spontaneous neuronal discharge: single spiking at low, irregular frequencies (0.5-8 Hz) or bursts with interspike rates of ϳ13-20 Hz (or instantaneously higher, task-related) Bunney et al., 1973; Bunney, 1983, 1984a,b; Schultz et al., 1983; Schultz, 1986 (Trout and Kruk, 1992) . These differences may thus reflect as yet unclarified differences between mesolimbic versus motor-associated DA projections that are common across species in the regulation of releasable transmitter pools, presynaptic excitability/repolarization (Jackson, 1995; Meir et al., 1999) , and/or differential regulation of [DA] o by the presynaptic mechanisms described below. Intriguingly, Horvitz (2000) has speculated that rigid homeostatic control of [DA] o in sensorimotor striatum would permit temporal precision that is suited to facilitate switching of response components of a behavioral act. In contrast, limbic-associated target sites associated with motivational, mood states or working memory might require less temporal precision in control of [DA] o and even a sustained accumulation of [DA] o .
Regulation of [DA] o at physiological firing rate by uptake and autoreceptors
Both DA uptake and autoreceptor control of release were powerful regulatory mechanisms of net [DA] o at a physiological firing rate in marmoset putamen, as previously observed in rodent striata (Wightman and Zimmerman, 1990; Limberger et al., 1991; Kawagoe et al., 1992; . Furthermore, both mechanisms demonstrated a ventromedial-dorsolateral variation in activity between putaminal domains. Intriguingly, despite the higher DA content and single pulse-evoked [DA] o in the region most susceptible to deinnervation in PD (dorsolateral putamen), [DA] o is in fact most restricted in this region by these presynaptic homeostatic mechanisms.
Stricter homeostatic control of [DA] o by uptake in dorsolateral putamen is in agreement with the elevated V max of the DAT that we report, and yet an increase in DA transmission in mesostriatal circuits by cocaine, caused at least in part by inhibition of the DAT (Roberts et al., 1977; Ritz et al., 1987; Volkow et al., 1997) , is most pronounced in vivo in ventromedial striatum of primates (Bradberry et al., 2000) and rodents (Carboni et al., 1990; Cass et al., 1992; Kuczenski and Segal, 1992) . Thus, although the reinforcing effects of cocaine may not depend solely on DAT inhibition (Rocha et al., 1998) , the magnitude of elevation of striatal [DA] o by cocaine may depend not only on DAT inhibition but also on the activities of mesostriatal and regulatory afferent projections and other mechanisms of control of [DA] o . For example, our finding that autoreceptor control is also less stringent in ventromedial putamen, consistent with lower D 2 -dopamine receptor mRNA levels in mesolimbic projections (Hurd et al., 1994; Haber et al., 1995) (and less stringent homeostatic regulation of [DA] o at high depolarization frequencies), may thus be one such factor contributing to the loci of cocaine effect.
Conclusions
By investigating the dynamic control of [DA] o within the marmoset putamen, we have determined for the first time features of the release, uptake, and autoreceptor control of DA in the nonhuman primate putamen. A basic finding that emerges is that striatal DA dynamics and inter-regional variation in primates can only be partly appreciated with a rodent scenario. Extrapolation to primates must take into account these differences in availability and extracellular dynamics of DA.
Moreover, we have illustrated how, in primate striatum, different functional striatal domains are differentiated by heterogeneous regulation of [DA] o . The regional differences in DA dynamics observed here between limbic-and motor-associated functional domains of the intact putamen known to be differently susceptible to both modulation by cocaine and degeneration in PD may thus be of key consequence not only to the normal functioning of the striatum but also in drug abuse and susceptibility to degeneration.
